Abstract-This paper describes a 3-D location tracking and visualization system using wireless sensor nodes in indoor environment. The system is based on modified radio-location fingerprinting algorithm and it uses inexpensive, programmable wireless embedded platforms operating in ZigBee wireless network protocol. The main emphasis of this study is on the ability to estimate the location of mobile wireless nodes in 3-D indoor spaces, without any costly infrastructure. The wireless nodes have been deployed in an experimental test bed, for location tracking and motion estimation. K-nearest neighbor algorithm has been implemented for location estimation over a set of radio location fingerprints collected in a 3-D space. A 3-D visualization interface has been generated in VRML in order to display the real-time sensor positions and the data in the 3-D world. Preliminary experimental results show that the proposed scheme can achieve accurate and stable location tracking in indoor environments.
INTRODUCTION
Rapid growth of the MEMS has enabled the developments of Wireless Sensor Network (WSN) technology, which been drawing a lot of attention as a possible method to realize a wide variety of applications. The WSN is becoming a crucial technology, since it consists of a number of tiny, inexpensive, re-programmable, simple to network and potentially long lasting wireless sensor nodes, capable of sensing and reporting the physical characteristics of the world for a variety of monitoring and control applications such as; tracking people, assets and equipment at indoors [1], disaster relief applications [2] ; environment monitoring; buildinglhome automation [3] ; remote/preventive maintenance; medicine and health care [4] and so forth.
In most of these applications, the sensor node's position is often the primary data that needs to be sensed [5] . WSN, by default, cannot provide any information where an event has happened. To do so, usually, the reporting wireless node's location has to be known. In other words, for tracking an object within a manufacturing plant, or for monitoring a condition of a patient in a hospital building, the automatic detection of the sensors' location, also known as the Node Localization, is the core technology.
978-1-4244-6588-0/10/$25.00 ©201 0 IEEE The Wireless Node Localization can be defmed as determining the location of a sensor node within the network with respect to an origin. The techniques usually consist of the algorithms that estimate the locations of sensors with initially unknown location information by using knowledge of the absolute positions of a few sensors and inter-sensor measurements, such as distance and bearing measurements.
The Node Localization in WSN is a significant, key enabling technology, attracting considerable research interest. With the constrained resources of network sensors, as well as their high failure rate, many challenges exist in the automatic determination of the sensor's location. Various application requirements, such as; scalability, energy efficiency, cost, accuracy, responsiveness and privacy, influence the research and development of sensor localization systems [6] . Moreover, the small amount of code space available in WSN nodes make the implementation of both the data service logic and the localization algorithm on a single node problematic, which forces the researchers to reduce the complexity of the localization techniques.
While much research has focused on developing localization algorithms and location-aware systems, the position computation problems are mostly formulated and solved in two dimensional planes. Less attention has been paid to the fundamental and challenging problem of real-time locating mobile objects in 3-D coordinate space, especially in indoor environments. Only a few researchers provide analysis and the benefits of the 3-D aspects of these solutions [7] [8] .
A few efforts that have addressed 3-D localization at indoors have typically done so using costly technologies such as the Ultra Wide Band (UWB) technology and WLAN and WiFi Technologies. A number of commercial systems exist based on these technologies for 3-D localization of objects and people in the indoor spaces. For example, Time Domain and Ubisense provides 3-D locating tracking system based on UWB technology for monitoring parts and people in factories [9] , [to] . The real time locating systems (RTLS), based on various technologies have become very popular in many areas. They are effective in the sole purpose of locating objects at indoor environments, and costly methods for 3-D localization in terms of hardware and deployment. Aeroscout and Ekahau are major solution providers for locating assets using WiFi enabled RFID tags [11] , [12] .
In this paper our goal is not discussing all the commercial technologies for 3-D localization, but proposing a technology having data networking capability in addition to location tracking, which is simpler and relatively cost-efficient than commercial solutions. In our research, we focus on ZigBee based wireless networks using embedded wireless platforms, also called as; Motes. ZigBee is a wireless networking technology built using the recent IEEE 802.15.4 communication standard and is characterized by its low cost, low power consumption at a low data rate (250 Kbps). A ZigBee sensor can be functional for many years on simple battery power. This is due to the implementation of the ZigBee protocol in which the sensors are mostly in deep sleep or idle mode to preserve power consumption [13] .
Our goal is to complement the data networking capabilities of ZigBee network with accurate 3-D location and tracking capabilities, thereby enhancing the value of such networks.
In this paper, we present an approach of 3-D node localization using ZigBee-based Wireless Sensor Networks with a sample deployment in our WSN Test Bed, which we developed for testing wireless localization algorithms within harsh and dynamic indoor environments.
The presented approach uses a modified-radio location fingerprinting algorithm, which uses Radio Signal Strength Indicator (RSSI) information gathered at multiple receiver locations in order to estimate a mobile object's coordinates in 3-D space. The estimated locations of wireless sensors and the sensor data contained are presented by an interactive Virtual Reality visualization interface.
The remainder of this paper is organized as follows. In Section 2, we briefly present the related work in wireless node localization technologies. In Section 3, we discuss our overall research methodology. Section 4 presents a prototype implementation of the proposed approach and the fmally, conclusions are presented in Section 5.
II. RELATED WORK
The effectiveness of the wireless localization vary, depending on the parameters, such as: the physical phenomena used for location determination, the form factor of the sensing apparatus, power requirements, infrastructure versus portable elements, and resolution in time and space, etc. [14] . In general, the challenges and the performance of a WSN localization algorithm often depend on the application domain such as; indoors or outdoors, environmental conditions, physical distribution, topology etc. Due to the course of our intended application, we focus on the domain of location tracking at indoors, such as; plant and factories, warehouses, public and service buildings.
A number of fundamental indoor location tracking techniques have been proposed in the literature, based-on measuring the distance or angle between nodes in a network. The common methods are: the Angle of Arrival (AoA) [15] , which detects the direction of the received signal in order to obtain range information; Time of Arrival (ToA) and Time Difference of Arrival (TDoA) [16] , which use pulses of ultrasonic signals to determine the distance between two nodes. Ultrasonic systems, such as Cricket [17] and the Active Bat [18] can achieve much higher accuracies using time-of-flight ranging. However, these systems require line-of-sight exposure of receiver to ultrasound beacons in the infrastructure, and may require careful orientation of the receiver. It requires an extensive infrastructure and costly deployment in order to be implemented in large buildings. Infrared based systems, including the Active Badge [19] . can localize a user to a specific area with direct line-of-sight exposure to the IR beacon, but suffer errors in the presence of obstructions and differing light and ambient IR levels. A detailed review of various localization algorithms can be found in [5] , [14] and [19] .
The shortcomings due to complexity of wireless hardware and additional infrastructure requirements have made the Received Signal Strength Indicator (RSSI) technique the most popular method in distance estimation for wireless systems. The RSSI-based distance estimation is based on the physical fact of wireless communication that theoretically, the signal strength is inversely proportional to the squared distance between the transmitter and receiver.
RSSI may be considered as the simplest and cheapest method amongst the wireless distance estimation techniques, since it does not require additional, costly hardware for distance measurements. A known theoretical or empirical radio propagation model is used to convert the radio signal strength into distance between a radio transmitter and a receiver. Assuming that the fixed position of transmitter is known, the position of a mobile wireless receiver node can then be estimated by a least squares algorithm. However, in practice, the radio signals are highly variable and unstable under the influence environment noises, obstacles, interference and the types of antenna. The signal strength is too sensitive to the harsh and dynamic environments, indoor environments due to multipath fading and interference which cause uncertainties in the radio communications amongst the wireless nodes. This condition makes it hard to model path loss and so the RSSI mathematically [21] . This condition influences the positioning accuracy.
An alternative approach of estimating position by signal strength is to use empirical measurements of received radio signals. By recording a database of radio signals, also called the 'fingerprints' along with their known locations, a wireless node, with unknown position can estimate its position by acquiring a signature and comparing it to the known fmgerprints in the database. A weighting scheme is used to estimate location when multiple fmgerprints are close to the acquired signature. All of these systems require that the fmgerprint database be collected manually prior to system installation, and rely on a central server to perform the location estimation.
Several systems such as; RADAR [22] , DALS [23] have demonstrated the viability of this approach in wireless networks. RADAR has been developed and tested based on the fmgerprinting approach for indoor environments. It uses the wireless network signals in order to estimate a mobile internet user's location to within a few meters of hislher actual location. It has been one of the first implementation of radio location fmgerprinting. With the inspiration of these approaches, the MoteTrack has been developed, which employs a similar approach to tiny wireless motes. The idea behind MoteTrack is to improve the robustness of the system through a decentralized approach [24] .
Recently, the radio location fmgerprinting has become a popular approach for commercial indoor localization systems since it provides, stable and reliable location estimates over short periods of time using minimal infrastructure. Currently, the technology has been commercially implemented by several vendors of RFID-based localization systems and RTLS.
III. RESEARCH METHODOLOGY
In this section we fIrst describe the physical environment and the hardware used for our deployment, and all the phases of the 3-D location fmgerprinting algorithm implemented including data collection, fmgerprint database generation, location estimation and location visualization.
A.
Wireless Sensor Network Testbed
In order to realize the approach presented in this paper, the Wireless Sensor Network test bed has been developed in a former manufacturing lab, including machinery and manufacturing automation equipment in the facilities of National Research Council Canada, Institute for Research in Construction in London, ON, Canada [25] . The harsh indoor environment of the laboratory replicates the intended application environment of WSN. The WSN test bed is expected to allow the flexibility to develop and to test certain sensor network services and applications prior to deployment; applications developed in the context of the test bed can be moved to the actual deployment environment.
For the development of the WSN test bed, a generic wireless sensor node platform, called a 'mote' has been used (see Figure 1) . A mote without a power supply is typically several millimeters in length and width. External flash memory is also common to many nodes. Sensors and signal conditioning circuitry are external components, and thus maintain hardware generality. Several generations of mote platforms exist, ranging in size, power consumption, functionality and radio technology. We have chosen and implemented TelosB platform in our test bed [26] .
The TelosB motes are tiny, versatile embedded platforms, equipped with ZigBee compliant radio transceiver, which allows low power radio transmissions and mesh networking amongst the nodes in the overall network. An on board flash memory and microprocessor allows performing local computations with the support of an analog to digital converter that allows reading data from various sensors. TelosB wireless platform used in the WSN Test bed
B. 3-D Radio Location Fingerprinting
The approach proposed in this paper is an extension of the radio location fmgerprinting algorithm, implemented in several phases that are executed and depicted in Figure 2 .
The radio-frequency fmgerprinting requires multiple radio transmitters and receivers, deployed to provide overlapping coverage of an area, such as a floor in an offIce building. The sensor nodes, located at fIxed infrastructure in order to model a physical space in terms of radio signal strength values by periodically broadcasting radio packets periodically to the air. The fIxed base station sensor nodes are called as 'fIxed node' in this paper. In our approach, we deployed multiple sensor nodes over the area such that we could collect radio signals in order to generate location fmgerprints on a 3-D cubic grid space. The location fmgerprints are used to estimate the positions in 3-D model space. Figure 2 .
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The fIngerprinting approach consists of a setup or data collection process in which, the signal strengths at each fIxed sensor node are measured and stored. Each record has the format of {x, y, z, RSS), ....... RSSN}, where (x, y, z) is the position in the 3-D space, and RSSi is the received signal strength in dBm at the i-th fIxed node. N, the total number of fIxed nodes, should be at least 4 to provide a reasonable localization performance in 3 dimensional spaces. To reduce the effects caused by noises and path loss, each RSSi is the average of multiple measurements collected over a time period. The collection of all measurements forms a 3-D radio signal strength matrix that consists of the featured signal strengths, or fmgerprints, at each sampled position.
Following the setup process, a mobile sensor node may be localized using the signal strengths measured at each fIxed node. For localizing a mobile sensor node, the algorithm searches the 3-D radio matrix collected in the data collection phase, and fmd the fmgerprint that best matches the signal strengths observed. That is, the mobile node compares the observed signal energy with the recorded, and picks the location (x, y, z) that minimizes the Euclidean distance as the location estimate. This technique is also referred to as nearest neighbor method. A slight variant of the technique involves fmding the k nearest neighbors in signal space, and averaging their coordinates to get the location estimate. The following explains the steps taken for the setup and location estimation processes using fmgerprinting technique.
1) Radio Data Collection
Radio data collection is the key step of the location fmgerprinting algorithm. In this phase, the information about the radio signal as a function of the mobile node's location is recorded. This phase has to be followed by an analysis in order to validate models for signal propagation and to construct fmgerprint database for position estimation in real-time. For realizing the 3-D data collection, we have deployed TelosB motes as fIxed nodes in a cubical space.
In our deployment we employ a mobile sensor node to receive broadcast packets periodically, measure the RSS value of each received packet and fInally report the RSS value in dBm to the main base station that is connected to the data collection PC (See Figure 3) .
The radio signal strength (RSS) information is recorded by using the ZigBee compliant CC2420 radio of the TelosB motes. The RSS is reported in units of dBm. A signal strength of s Watts is equivalent to 1O*logJO(s/O.001) dBm. 
Topology of the Radio Data Collection Process
A Java-based application has been developed for controlling the entire data collection process. The application resides at the computer and simply manages and stores the collected RSS data and maps it to a point in the 3-D space. The user is requested to pick a point in the 3-D mesh prior to collecting data at that point.
As a result of the data collection process, a set of RSS data collected in the mobile node. This set contains location and the RSS data that is measured from each fIxed node. The set is further analyzed and put into the form of a fmgerprint database and downloaded to the memory of the mobile nodes for location computation.
2) Location Estimation
Location estimation process is performed at every mobile node, whose location needs to be known. The location computation takes place based-on two sets of data; one set is an already constructed fmgerprint database from data collection phase, the second set is the RSS data measured by the mobile node upon receiving packets from every fIxed node in the area of coverage (see Figure 4) . To estimate the positions of sensors, K-Nearest Neighbor algorithm is applied to two sets of data. In order to formulate the location estimation process, we call the fmgerprint database as a vector, which contains all of the average RSS from N fIxed nodes at a particular location. The vector F is denoted as F = 
To estimate the positions of a mobile sensor node in the 3-D space, mobile node compares every measured fIngerprint with the ones contained in the fmgerprint database using the K Nearest Neighbor algorithm, which average the coordinates of the fIngerprint locations to get the location estimate. Averaging 2 to 4 nearest neighbors improves the location accuracy signifIcantly.
C. 3-D Location Visualization
One of the most signifIcant components of the proposed approach is the presentation of the location of sensors to the end users in a 3-D environment. For this purpose, we considered to employ VRML (Virtual Reality Modeling Language), which is a powerful 3-D visualization tool for simple and web-based application development [27] .
The 3-D Location Visualization system is an integrated framework with various layers of software components. It mainly consists of; i) Low-level wireless operating system Layer, ii) Middle-level business and data management layer, iii) High-level location visualization layer. The structure of the overall system is shown in Figure 5 .
Overall System Architecture 1) Low Level: Wireless Operating System Layer The Wireless Operating System runs operates the low-level routines and algorithms at the wireless embedded platforms , having a direct access to microprocessor, radio, memory and other peripherals. This layer has been developed in TinyOS operating system, an event-based non-blocking event scheduler for embedded systems, specifically developed for Wireless Sensor Network applications using motes [26] .
TinyOS is an open-source platform, consisting of a library of modules coded in the NesC (Nested-C) programming language [28] . The wireless applications are fundamentally operated by signaling events, handling events, calling command functions and performing command functions between these modules. The wireless communication between nodes is managed with a carr ier sense medium access data layer. Packets are encapsulated using an active message scheme [29] .
In the proposed scheme, the wireless sensor nodes at each role (i.e. mobile node, fixed node) have their own algorithm and it is contained in the sensor's code space. In addition the base station node has been utilized for data collection from the overall sensor network. The information regarding the sensor data and the location estimate is carr ied to a centralized computer through the base station node. A base station node is physically connected to the computer and acts as a gateway. Typically, the base station is the same general hardware platform as the wireless sensor nodes. Router nodes bridge communication between the base station and sensor nodes that are beyond sufficiently reliable direct radio communication range.
2) Business and Data Management Layer (BDML)
The Real-Time Data Manager provides a software abstraction layer to communicate with the wireless platforms as well as to communicate with external applications through web services and a database server. At the current stage, this layer has been designed and developed in Java language to operate as a generic bridge between the wireless operating syste . m and higher level applications. The Data Manager uses the senal port communication with a wireless mote and helps to log, display and manipulate the wireless data for testing and experimenting purposes. The web services interface of this layer provides the external applications a remote access to information provided by the wireless sensor network. Similarly a database server is utilized in order to store persistent system information and to provide information to the external requests.
3) Location Visualization Layer
The Location Visualization Layer consists of a Java-based GUI which allows users to validate the system operations. This application is intended for management of the human assisted operations of the overall system. The main component of the Location Visualization Layer is the 3-D visualization engine, which interprets the location information using 3-D Virtual Reality (VR) models of the environment. This feature h � lps in real-time monitoring, control and deployment of the Wifeless sensor nodes, hence supporting the real world applications of WSN. The 3-D real-time representation of the WSN data improves the usability of spatial information and, the visualization of reality compares to a simple and flat 2-D representation. Of all of the drawbacks of 2-D graphics, the most vital is the lack of capability to offer users a life-like representation of real environments [30] . VR is a good example of such a visualization technology since it provides a three dimensional realistic environment to provide a sense of reality and the impression of 'being there'. VR has been widely referred and used in industrial applications [31] , [32] .
The 3-D Visualization Engine has been implemented in VRML Language and performs real-time data exchange with the BDML throughout web services. We implemented the server application, which feeds the server database with the real time location data periodically. The VRML interface communicates the web database through the web services interface, in order to visualize the sensor locations.
IV. IMPLEMENTATION
We have deployed the wireless sensors in the WSN Test Bed in order to test the 3-D wireless localization algorithm, presented in this paper. We have utilized the ZigBee protocol, which is based on the IEEE 802.15.4 protocol in the 2.4GHz band. The layout of the Test Bed is shown in Figure 6 . The dimension of the floor is approximately 13m by 15m and the height is 10m. We consider the test bed as a cubicle space and collected signal strength data at each node in the cubical mesh, we constructed for generating fmgerprinting database. -.
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In the data collection phase, samples have been collected on a grid of 50 regularly spaced positions in order to form the 3-D radio signal strength matrix. Each sample in a data set has been collected at approximately 0.20 second sampling interval. Twelve fixed nodes are distributed in the room in a cubical space. Figure 7 shows a snapshot of the 3-D model of our test bed in a web browser.
For location estimation, the nearest neighbours in signal space in terms of Euclidean distance and median distance have been each found. The coordinates of the four nearest neighbours are averaged to get the fmal location estimate of the mobile node.
- Figure 7 .
3-D Visualization Interface on a web browser
As a result of the experiments performed indoors, we have found that multiple RSSI values may exist at the same distance values, which makes it very difficult to obtain unique fmgerprints using RSSI indoors. The influence of the multipath reflection greatly disturbs the location estimation process due to the change in the phase of the multi-path radio signal [33] . However, the algorithm has resulted with an average accuracy error of I-2m at indoors. The reason is the location and density of the radio location fmgerprints, collected during setup phase. The fmgerprints collected from sender nodes, which are located at proper pOSItIOns with minimal reflection, i.e. located at ground level, have increased the accuracy location estimation.
V. CONCLUSIONS
Node localization in WSN is a significant research area with a broad range of applications at indoor location tracking such as manufacturing plants; warehouses, residential and public buildings etc. Despite significant research developments in the area, there are still many unsolved problems due to harsh, dynamic environments. RSSI is an easy and less expensive way of predicting location in WSN, but it is often very problematic due to harsh indoor environment with unpredictable electromagnetic interference, RF fading, and multipath interference.
In this paper we have presented a 3-D indoor location tracking approach through ZigBee-based wireless sensor networks. Our approach uses the radio location fmgerprinting technique, which is becoming very popular for industrial applications of location tracking, and extends it to 3-D space with a prototype implementation at indoor building environment.
In this paper, we describe how to extend the basic fmgerprinting approach for localization in 3-D indoor environments. We achieve this through constructing a 3-D signal strength matrix by extending the data collection process in 3-D. We have developed a set of custom low-level and high level software applications for realization of the extended 3-D fmgerprinting algorithm, visualization of sensor locations and integration of real-time sensor data to external applications.
We implemented, deployed, and evaluated our approach in our WSN test bed through a system using the TelosB motes. The reason to choose this platform is make use of the advantage of small, inexpensive devices that can be embedded in the environment such as walls, in the equipment of people. 
